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Using the manifestly spacetime-supersymmetric version of open superstring field the-
ory, we construct the free action for the first massive states of the open superstring com-
pactified to four dimensions. This action is in N=1 D=4 superspace and describes a massive
spin-2 multiplet coupled to two massive scalar multiplets.
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1. Introduction
The conventional action for open superstring field theory contains contact-term prob-
lems caused by the presence of picture-changing operators[1]. Recently, a new action was
proposed for open superstring field theory where these picture-changing operators are ab-
sent[2]. In addition to eliminating the contact-term problems, this new action can be
written in a form which is manifestly N=1 D=4 spacetime-supersymmetric.
After compactifying the open superstring on a Calabi-Yau manifold to four dimensions,
it is easy to show that the massless compactification-independent contribution to the free
part of this action reproduces the usual N=1 D=4 superspace action for super-Maxwell.
In this paper, the first massive contribution to the free part of this action will be computed
in N=1 D=4 superspace.
In an earlier paper[3], we used open superstring vertex-operator arguments to show
that the massive D=4 spin-two multiplet can be described in N=1 D=4 superspace by a
vector superfield Vm satisfying the constraint D
ασmαα˙Vm = (∂
n∂n + 2)Vm = 0. It will be
shown here that these constraints come from gauge-fixing the equations of motion of a
superspace action involving not just Vm, but also a spinor and two scalar superfields, Vα,
B and C. The propagating degrees of freedom of this action describe a massive spin-2
multiplet as well as two massive scalar multiplets which are always present in Calabi-Yau
compactifications of the open superstring to four dimensions.
Before constructing the open superstring field theory action for these massive states,
we shall review the construction of the action for the massless states.
2. Construction of the Free Action for the Massless States
The topological description of the superstring, developed by one of the authors with
Vafa in reference [4], is particularly suitable for formulating open superstring field theory[2].
In this approach, the BRST current is replaced by a spin-one generator G+, the η ghost
(which comes from bosonizing the RNS super-reparameterization ghosts as β = ∂ξe−φ and
γ = ηeφ) is replaced by a spin-one generator G˜+, and the ghost number current is replaced
by a spin-one generator J . As discussed in [4], these three generators form part of a ‘small’
twisted N=4 algebra.
The usual condition for physical vertex operators is Q(V ) = 0 where V is independent
of the ξ zero mode, i.e. η(V ) = 0. Note that G(V ) always means the contour integral of
G around V . Since the η cohomology is trivial, one can always find an operator Φ such
1
that V = η(Φ). So the condition for Φ to be physical is that G˜+(G+(Φ)) = 0 where Φ is
defined up to the gauge invariance δΦ = G+(Λ) + G˜+(Λ¯). These linearized equations of
motion and gauge invariances are easily obtained from the string field theory action
S =< Φ G+(G˜+(Φ)) > (2.1)
where <> is the two-point correlation function on a sphere. As usual in open superstrings,
the states carry Chan-Paton factors which will be suppressed throughout the paper.
The manifestly spacetime-supersymmetric description of the superstring is related to
the usual RNS description by a field redefinition. For compactifications of the superstring
on a Calabi-Yau threefold, this field redefinition allows N=1 D=4 super-Poincare´ invariance
to be made manifest. The field redefinition takes the left-moving worldsheet matter and
ghost fields of the RNS description into five free bosons (xm, ρ) (where m = 0 to 3) which
satisfy the OPE’s
xm(y)xn(z)→ log|y − z|ηmn, ρ(y)ρ(z)→ log(y − z), (2.2)
eight free fermions (θα, θ¯α˙, pα, p¯α˙) (where α and α˙ =1 or 2) which satisfy the OPE’s
pα(y)θ
β(z)→ δβα(y − z)−1, p¯α˙(y)θβ˙(z)→ δβ˙α˙(y − z)−1,
and a field theory for the six-dimensional compactification manifold which is described by
the cˆ = 3 N=2 superconformal generators [TC , G
+
C , G
−
C , JC ]. This N=2 superconformal
field theory is twisted so that G+C has conformal weight +1 and G
−
C has conformal weight
+2. As usual, right-moving fields are related to the left-moving fields through boundary
conditions.
The ‘small’ N=4 superconformal generators are defined in terms of these free fields by
T =
1
2
∂xm∂xm + pα∂θ
α + p¯α˙∂θ¯
α˙ +
1
2
∂ρ∂ρ− i
2
∂2ρ+ TC
G+ = eiρdαdα +G
+
C , G
− = e−iρd¯α˙d¯α˙ +G−C ,
G˜+ = e−2iρ+iHC d¯α˙d¯α˙ + e−iρ+iHc (G
−
C), (2.3)
G˜− = e2iρ−iHCdαdα + eiρ−iHc (G+C),
J = i∂ρ+ iJC , J
++ = e−iρ+iHC , J−− = e+iρ−iHC ,
2
where
dα = pα +
i
2
θ¯α˙∂xαα˙ − 1
4
(θ¯)2∂θα +
1
8
θα∂(θ¯)
2, (2.4)
d¯α˙ = p¯α˙ +
i
2
θα∂xαα˙ − 1
4
(θ)2∂θ¯α˙ +
1
8
θ¯α˙∂(θ)
2,
JC = ∂HC , and we use the bispinor convention vαα˙ = σ
m
αα˙vm. Our Pauli matrices, σ
m
αα˙ and
σ¯α˙αm , are those of Wess and Bagger[5], but we choose to define (θ)
2 = (θαθα) and (θ¯)
2 =
(θ¯α˙θ¯α˙), and to use the ‘mostly-negative’ Minkowski metric η
mn = diag(+1,−1,−1,−1) so
that Tr(σmσ¯n) = 2ηmn.
Although our hermiticity conditions on the superspace variables are (xm)∗ = xm and
(θα)∗ = θ¯α˙ as usual, our hermiticity conditions on the chiral bosons are
ρ∗ = 2ρ−HC , H∗C = 3ρ− 2HC ,
so that (G+)∗ = G˜+. Note that dα and d¯α˙ have been defined to commute with the
spacetime supersymmetry generators and to satisfy the OPE’s
dα(y)d¯α˙(z)→ i Παα˙
y − z , dα(y)Πββ˙(z)→
−2iǫαβ∂θ¯β˙
y − z (2.5)
where
Παα˙ = ∂xαα˙ + iθα∂θ¯α˙ + iθ¯α˙∂θα.
To make N=1 D=4 supersymmetry manifest in the string field theory action, one
integrates over the non-zero modes of the worldsheet fields in the correlation function of
(2.1), but leaves the integration over the zero modes of xm, θα, and θ¯α˙ explicit in the
action. The result is the N=1 D=4 superspace action
S =
∫
d4xd2θd2θ¯ < ΦG+(G˜+(Φ)) > (2.6)
where <> now does not include the contribution of the zero modes of xm, θα, and θ¯α˙.
As our first example, we shall consider the contribution to the above action from
the massless compactification-independent states. Since there is no tachyon, the massless
states at zero momentum are described by string fields of conformal weight zero. The
string field is independent of the compactification manifold and is of neutral U(1)-charge
(i.e. zero ghost number), so it is described by a scalar superfield V (x, θ, θ¯). Plugging
Φ = V into the action of (2.6), one reproduces the super-Maxwell action
S =
∫
d4xd2θd2θ¯V D¯α˙D
2D¯α˙V (2.7)
where Dα =
∂
∂θα
+ i
2
θ¯α˙σmαα˙∂m and D¯α˙ =
∂
∂θ¯α˙
+ i
2
θασmαα˙∂m. Furthermore, the gauge
invariances δΦ = G+(Λ) + G˜+(Λ¯) reproduce the expected gauge invariances
δV = D2λ+ D¯2λ¯
where Λ = e−iρλ and Λ¯ = e2iρ−iHC λ¯.
3
3. Action for First Massive States
The field theory action of (2.6) will now be used to compute the contribution of the first
massive states of the open superstring. We shall consider a generic Calabi-Yau three-fold
and will not consider states which depend on the explicit structure of the compactification
manifold. However, we will allow states which can be constructed from the Calabi-Yau
U(1) current ∂HC . As will be shown later, the presence of such states in the action is
necessary for gauge invariance.
Since we want to describe states of (mass)2 = 2, our string field should contain
conformal weight +1 at zero momentum. Furthermore, it should have no U(1) charge and
should only depend on the compactification manifold through the U(1) current. The most
general such string field is
Φ = dαWα(x, θ, θ¯) + d¯
α˙W¯α˙(x, θ, θ¯) + Π
mVm(x, θ, θ¯) + ∂θ
αVα(x, θ, θ¯) + ∂θ¯
α˙V¯α˙(x, θ, θ¯)
+i(∂ρ− ∂HC) B(x, θ, θ¯) + (∂HC − 3∂ρ) C(x, θ, θ¯) (3.1)
where B and C are real superfields.
This field transforms as δΦ = G+(Λ) + G˜+(Λ¯) under the gauge transformations pa-
rameterized by
Λ = e−iρ(dαCα + d¯α˙E¯α˙ +ΠmBm + ∂ρF ++∂θαBα + ∂θ¯α˙H¯α˙),
Λ¯ = e2iρ−iHC (dαEα + d¯α˙C¯α˙ +ΠmB¯m + (2∂ρ− ∂HC)F¯ + ∂θαHα + ∂θ¯α˙B¯α˙).
Note that δΦ = 0 when Λ = G+Ω or Λ¯ = G˜+Ω¯. Defining
Ω = e−2iρ(∂2θαMα + (∂θ)2N + ∂θαd¯α˙Pαα˙ +Παα˙∂θαQ¯α˙),
one can see that the transformations parameterized by Cα, Bm, F , and Hα can be ignored.
Furthermore, the transformations parameterized by Bα and B¯α˙ can be used to algebraically
gauge-fix Wα = W¯α˙ = 0 in the string field Φ.
In this gauge, the remaining string fields transform under the remaining gauge trans-
formations as:
δVm = −2i(σm)αα˙DαE¯α˙ − 2i(σm)αα˙D¯α˙Eα, (3.2)
δVα = 4Eα − 1
2
D2D¯2Eα + i∂αα˙D
2E¯α˙,
δ(C + iB) = iDαD¯2Eα.
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Note that B and C are not gauge-invariant, so they can not be dropped from the action
without breaking gauge invariance. In our earlier analysis of massive vertex operators [3],
it was not necessary to include B and C since we were working in a fixed gauge.
Finally, the string field action S =
∫
d4xd2θd2θ¯ < ΦG+(G˜+(Φ)) > in the gauge
Wα = W¯α˙ = 0 is given by
S =
∫
d4xd2θd2θ¯[−V m(D¯2D2Vm − 4Vm + 2i(σ¯n)α˙α∂nD¯α˙DαVm (3.3)
−4i(σ¯m)α˙α(DαV¯α˙ + D¯α˙Vα)− 8∂mB + 12(σ¯m)α˙α[D¯α˙, Dα]C)
+V α(−4D¯α˙DαV¯α˙ − 2D¯2Vα + 24∂αα˙D¯α˙C −DαD¯2(18iC + 2B))
+V¯ α˙(−2D2V¯α˙ − 24∂αα˙DαC + D¯α˙D2(18iC − 2B))
−3C(11D¯2D2 − 16∂m∂m − 8)C +B(−D¯2D2 − 8)B + 6B∂αα˙[D¯α˙, Dα]C ].
To evaluate the propagating degrees of freedom, it is convenient to use the gauge
transformations parameterized by Eα and E¯α˙ to gauge-fix Vα = V¯α˙ = 0. Note that this
gauge-fixing involves derivatives, so unlike the gauge-fixing of Wα, it cannot be performed
directly in the action. Furthermore, δVα = 0 when the gauge parameter Eα satisfies
Eα =
i
2
∂αα˙D
2E¯α˙ and (∂n∂n − 1)Eα = 0. This implies that there is a residue gauge
transformation even after gauge-fixing Vα = 0.
In the gauge Vα = V¯α˙ = 0, the equations of motion from the action of (3.3) are
1
2
{D¯2, D2}Vm − 4Vm − 2∂n∂nVm − 4∂mB + 6(σ¯m)α˙α[D¯α˙, Dα]C = 0, (3.4)
4i(σm)αα˙D¯
α˙Vm + 24∂αα˙D¯
α˙C +DαD¯
2(−18iC − 2B) = 0, (3.5)
−8∂mVm − 16B − {D¯2, D2}B + 6∂αα˙[D¯α˙, Dα]C = 0, (3.6)
−12σ¯α˙αm [D¯α˙, Dα]Vm + 48C − 33{D¯2, D2}C + 96∂m∂mC − 6∂αα˙[D¯α˙, Dα]B = 0. (3.7)
Plugging (3.5) into (3.6) and (3.7), one learns that
B =
i
8
[D2, D¯2]C (3.8)
16(∂m∂m − 1)C = 6{D2, D¯2}C. (3.9)
The equation of motion for C has two solutions:
a) D2C = 0, (∂m∂m − 1)C = 0; (3.10)
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b) D¯α˙D2D¯α˙C = 0, (∂
m∂m + 2)C = 0. (3.11)
Using the residue gauge transformations of Eα, any solution of equation (3.10) can be
gauged away. Therefore, the only physical degrees of freedom of C come from solutions of
(3.11), which are of the form:
C = F + F¯ (3.12)
where F is a chiral superfield satisfying
D¯α˙F = DαF¯ = (∂
m∂m + 2)F = (∂
m∂m + 2)F¯ = 0.
Although F is a single chiral superfield, it describes two massive scalar multiplets since it
does not satisfy the on-shell equation D2F = 0. Expanding in components,
F = X + θαξα + (θ)
2Y
where X and Y are complex bosons satisfying (∂m∂m+2)X = (∂
m∂m+2)Y = 0. Defining
ψα˙ = − i√
2
∂αα˙ξ
α, the equations of motion for the fermion are
∂αα˙ξ
α = i
√
2ψα˙, ∂αα˙ψ
α˙ = i
√
2ξα
which describe a massive Dirac spinor ΛA = (ξα, ψα˙).
Plugging (3.12) and (3.8) into (3.4) and (3.5), one obtains
DαVαα˙ − 2i∂αα˙DαF = 0, (3.13)
1
2
{D¯2, D2}Vm − 4Vm − 2∂n∂nVm − 16i(F − F¯ ) = 0. (3.14)
Finally, shifting Vˆm = Vm − 2i∂m(F − F¯ ), one can rewrite (3.13) and (3.14) as
DαVˆαα˙ = 0, (∂
m∂m + 2)Vˆm = 0, (3.15)
which were shown in [3] to be the gauge-fixed equations of motion of a massive spin-two
multiplet. Therefore, the propagating degrees of freedom described by the action of (3.3)
are a massive spin-two multiplet and two massive scalar multiplets.
On-shell, these multiplets contain 12 bosonic and 12 fermionic degrees of freedom.
The bosonic degrees of freedom can be identified with the following 12 Neveu-Schwarz
light-cone gauge vertex operators:
bm− 3
2
|0〉, bm− 1
2
an−1|0〉, (3.16)
6
ωJKLb
J
− 1
2
bK− 1
2
bL− 1
2
|0〉, ω¯J¯K¯L¯bJ¯− 1
2
bK¯− 1
2
bL¯− 1
2
|0〉,
bm− 1
2
gJJ¯b
J
− 1
2
bJ¯− 1
2
|0〉, gJJ¯bJ− 1
2
aJ¯−1|0〉, gJJ¯bJ¯− 1
2
aJ−1|0〉,
where m,n, p = 2, 3 are the D=4 light-cone indices, gJJ¯ and ωJKL are the metric and holo-
morphic 3-form used to define the Calabi-Yau manifold, and bmN and a
m
N are the oscillator
modes of the light-cone ψm and ∂Xm. Similarly, the fermionic degrees of freedom can be
identified with the following 12 Ramond light-cone gauge vertex operators:
bm−1|0〉++++, bm−1|0〉−−−−, am−1|0〉−+++, am−1|0〉+−−−, (3.17)
gJJ¯b
J
−1b
J¯
0 |0〉+−−−, gJJ¯aJ−1bJ¯0 |0〉−−−−,
gJJ¯b
J
0 b
J¯
−1|0〉−+++, gJJ¯bJ0 aJ¯−1|0〉++++
where |0〉±±±± is the light-cone spinor in SU(4) notation where the last 3 ± signs refer
to the six Calabi-Yau directions. Although there might be other states of (mass)2 = 2 in
the open superstring spectrum which come from Calabi-Yau excitations, the 12+12 states
described above are always present in any Calabi-Yau compactification.
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